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ABSTRACT
THE CHARACTERIZATION OF CHAR PARTICLE MORPHOLOGY AND ITS
EFFECTS ON COMBUSTION

Scott R. Jorgensen, B.S.
Marquette University, 2019
Char particle combustion typically occurs under internal diffusion control, which
results in inter-particle reactant gradients. Reactant concentrations throughout the char’s
carbon structure must be known in order to predict overall particle reaction rates. These
concentrations can be predicted by analytical models; however, effects of char
morphology are typically ignored within these simplified models. In order to incorporate
these effects, the morphology of Illinois coal #6 was studied by visualizing their structure
in three-dimensions through the use of micro-computed tomography. Morphological
characteristics of macro-porosity, macro-porosity location, and wall thickness were then
measured for the sampled char particles. The sampled char particles morphology was
cenospheric with a wall thickness that could be reasonably predicted using the particle’s
macro-porosity and size. A theoretical concentration model, termed hollow sphere model,
was developed based on this cenosphere morphology. The effects morphology has on
char combustion were then shown by comparing the oxygen concentration and
temperature profiles obtained from three dimensional CFD simulations, where three
distinct particles were considered. CFD results were compared with two theoretical
concentration models for the three particles to determine their accuracy. The hollow
sphere model more accurately predicted reactant concentration within the char particles
due to its incorporation of morphological effects.
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Chapter 1. Introduction

1.1 Coal Combustion and Char Formation

The use of coal for electricity production is prominent in the United States with
the industry accounting for 31% of America’s electricity in 2018 (Statista, n.d.). Coal
combustion produces a considerable amount of 𝐶𝑂2 , a greenhouse gas that contributes to
global warming. However, oxy-fuel combustion offers an alternative solution for
electricity production that allows for the capture and storage of 𝐶𝑂2 from existing coalfired power plants at an acceptable cost (Buhre, Elliott, Sheng, Gupta, & Wall, 2005)
(Toftegaard, Brix, Jensen, Glarborg, & Jensen A., 2010) (Chen, Yong, & Ghoniem,
2012).
The combustion of pulverized coal occurs in two steps; the first step of the
process is coal devolatilization. The devolatilization process occurs when coals are heated
to a high temperature, typically at a fast heating rating. During this process coal chars are
formed as light gases and tar are released from the coal, leaving behind a porous solid
composed of mainly carbon. The process also causes significant changes to the char
structure as the expansion of gases leads to the enlargement of internal pores and the
swelling of the coal char in size (Yu, 2007). The extent of the char’s morphological
change depends on coal properties such as size, composition, and rank as well as
devolatilization conditions like heating rate and pressure (Yu, 2007). The second step of
coal combustion is the conversion of the porous carbonaceous solid into product gases.
This occurs due to the heterogeneous oxidation and gasification reactions that occur on
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the surface of the char’s pores. The char conversion process is comparatively much
slower than devolatilization, so modeling and experimental measurements are typically
focused on char conversion as it is the rate limiting step.
The internal surface area of pores within the char particle provide a much greater
surface area for the heterogeneous reactions to occur on than the particle’s external
surface area and thus affect the conversion rate. These pores are typically categorized by
pore diameter, with micropores having diameters smaller than 2 nm, mesopores having
diameters between 2-50 nm, and macro-pores with diameters larger than 50 nm
(Rouquerolt, et al., 1994). A majority of the heterogeneous reactions occur within the
micro- and meso-pores as they comprise a majority of the particle’s surface area (Dutta,
Wen, & Belt, 1977) (Liu, 1999). The combustion of char particles is typically controlled
by internal diffusion (Hecht, Shaddix, Molina, & Haynes, 2011), which results in reactant
concentration gradients within the particle. This is illustrated by the green Zone II line in
Fig. 1. The red kinetic Zone I line indicates diffusion occurs much faster than particle
reaction rates resulting in a uniform reactant concentration profile within the particle. The
diffusion control blue Zone III line indicates reaction rates occur much faster than
diffusion within the particle so reactant is consumed entirely at the particle’s edge. At
Zone II conditions, the reactant concentration must be known throughout the entire char
particle in order to accurately predict the char’s overall reaction rate.
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Figure 1 - Typical Oxygen Concentration Profile within a Porous Char depending on Reaction Zone

It has been shown that the combustion behavior of individual char particles affects
important outputs at the reactor scale, such as carbon conversion (Schulze, et al., 2016),
temperature (Franchetti, Marincola, Navarro-Martinez, & Kempf, 2016), and ignition
(Jovanovic, Milewska, Swiatkowski, Goanta, & Spliethoff, 2012). Reactor-scale CFD
simulations rely on char sub-models to represent individual particle conversion and
reactor-scale outputs are sensitive to the details of the char combustion models. The
implementation of oxy-combustion requires improved reactor design and the
optimization of operating conditions, which can be achieved through a better
understanding of the process of char particle combustion.
Due to the innumerable pores present in coal char particles, physics and chemistry
at the scale of the pores must be “upscaled” to transform conservation equations for the
actual pore-scale geometry into computationally-tractable, volume-averaged (“effectivecontinuum”) conservation equations (Auriault, 2002) (Whitaker, 1967). The validity and
accuracy of this upscaling requires that upscaling be performed over representative
volume elements large enough to contain a statistical number of heterogeneities, but
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small enough to resolve particle-scale gradients. This implies that the characteristic size
of the pores be much smaller than both the size of the particle itself, and the characteristic
length-scale of the physical processes to be resolved (e.g. concentration gradients)
(Bachmat & Bear, 1986). An illustration of this averaging is given by Fig. 2, in which the
white circles are pores and the black is the solid carbon. Averaging is valid in Fig. 2a as
pores are much smaller than the length of the averaging box, but is invalid in Fig. 2b as
some pores approach the boxes length scale. Char particles produced from most coals and
devolatilization conditions contain large macro-pores, voids, and fractures (Sahu, Flagan,
& Gavalas, 1989) with length scales that lead to violation of these conditions.

(a) Averaging Valid

(b) Averaging Invalid

Figure 2 – Averaging the Carbon-Pore Matrix

1.2 Classifying Char Particle Morphology

In order to better understand char combustion, the morphology of the large
macro-pores must be classified, as they cannot necessarily be treated as a volume-
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averaged porous network, demonstrated by Fig. 2. The importance of char morphology
was shown by Cloke et al., who observed that char wall thickness was more influential on
particle burnout than the char’s intrinsic kinetics (Cloke, 1997). It has also been shown
that char particles cannot be accurately simplified as spherical, homogeneous particles
(Hodge, Roberts, Harris, & Stubington, 2010)and existing models are constrained in their
predictive power by the primitive treatment of the char’s pore network (Sahimi, Gavalas,
& Tsotsis, 1990). The distribution of char structures must be characterized in order to
incorporate their transport effects into reactor scale CFD sub-models. The
characterization of char morphology and its effects has been thoroughly studied with
numerous attempts at classifying char structure (Yu, 2007). Classification criteria is
usually dependent on measurable morphological characteristics that are typically
determined by image processing techniques. The measurable characteristics consist of
particle porosity, wall thickness, pore size, and particle size. Classifications are usually
simplified into three distinct groups of cenosphere, solid char, and mixed porous-solid for
use in reaction models (Cloke, Wu, Barranco, & Lester, 2003) (Wu., Lester, & Cloke,
2006) (Ma & Mitchell, 2009) (Benfell, et al., 2000), with porosity and wall thickness
being the clearest differentiators.
In order to perform image analysis to determine the char’s morphological
characteristics, char cross sections are typically obtained by setting the chars within
epoxy resin and then slicing it to obtain cross-sections (Alvarez, Borrego, & Menendez,
1997). The char epoxy resin sample is then placed under a magnification device and the
cross-section is imaged with a known resolution. Morphological properties such as wall
thickness, porosity, and particle size can then be estimated from the cross-sectional
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image. Char particle wall thickness varies significantly throughout the particle as well as
within the cross-section, so wall thickness is reported as an average value. Wall thickness
is averaged by drawing numerous measurement lines that extend from the cross sections
center of gravity at varied angles to ensure adequate sampling of the cross section.
Porosity is defined as the fraction of volume occupied by visible pores to the volume of
pores and microporous solid given by Eq. (1a). It should be noted that porosity
determined by image analysis methods within the literature refers to only visible pores, as
the apparent solid contains pores with diameters smaller than the resolution of the
imaging device, so this porosity is excluded from the image measurement. Porosity
measured above the resolution of the imaging equipment will be termed macro-porosity,
although this may exclude pores defined as macro-pores by the IUPAC definition
(Rouquerolt, et al., 1994). The apparent carbonaceous solid will be termed microporous
solid, as it contains pores that are invisible in the image due to instrument resolution.
𝜀𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑒 =

𝑉𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑒
𝑉𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑒 +𝑉𝑀𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑆𝑜𝑙𝑖𝑑

𝜀𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑒 ≈ 𝐴

𝐴𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑒

𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑒 +𝐴𝑀𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑆𝑜𝑙𝑖𝑑

(1a)

(1b)

Since only a single cross section is typically taken for each particle, macroporosity cannot be exactly determined. Instead, the volume ratio is estimated by the ratio
of macro-pore area to particle area, Eq. (1b). The accuracy of this stereological estimation
method depends on whether the sampled cross-section is a symmetrical plane for the char
particle. Two issues arise when sampling char cross-sections in epoxy resin that limit the
accuracy of the porosity estimation technique: the first is char particles have no symmetry
plane due to their irregular geometry and the second, mentioned by Ma and Mitchell, is
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that the cross-section sampled is randomly selected and most likely does not intersect the
particle’s center, further reducing the chance of the cross-section being symmetrical (Ma
& Mitchell, 2009).
Realistic char particles have non-uniform macro-pore and solid structures, so
classification of the entire morphology based on a single cross-sectional image has a high
degree of variability. Also, porosity, a core classification parameter, is estimated with a
method that cannot satisfy the assumptions and the error of this methods has never been
quantified. The uncertainty inherent in measuring char particle morphological
characteristics from a cross-sectional image is illustrated in Fig. 3, in which two similarly
sized cross-sections were taken from the same particle. The particle in Fig. 3a appears to
be a thick walled cenosphere, while that in Fig. 3b falls under the classification of solid
char. So the classification of this char particle, depends on the orientation and position at
which the cross-section was taken.

0.117 mm

0.127 mm

0.106 mm

𝜀𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 ≈ 0.505 (1𝑏)
(a)

0.082 mm

𝜀𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 ≈ 0.190 (1𝑏)
(b)
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Figure 3: Two cross sections of similar size from a single coal char particle obtained via micro-CT, with microporous
solid (red) and macro-porosity (blue) delineated

Combustion sub-models that are derived based on the char morphological
classifications previously discussed depend on the correct grouping of chars from the
sampled cross-sections (Cloke, Wu, Barranco, & Lester, 2003) (Wu., Lester, & Cloke,
2006) (Ma & Mitchell, 2009) (Benfell, et al., 2000). Classifying char particles based on a
single cross section results in a high variability of macro-porosity measurements which
may lead to incorrect grouping. In order to avoid this error, the entire three-dimensional
char morphology must be considered.

1.3 Thesis Outline

This thesis is motivated by the considerations outlined in Sections 1.1 and 1.2.
Chapter 2 consists of a literature review of char particle morphology classification as well
as CFD simulations of char particles with resolved features. This review provides the
background knowledge on current techniques used to classify char morphological
parameters and models that incorporate these factors into char reaction models. The
review of CFD simulations outlines what aspects of char morphology have been studied
and what details of morphological effects require further research.
Chapter 3 describes the methods and techniques used in creating and imaging char
particles with resolved geometry, measuring char morphological parameters in both two
dimensions and three dimensions, provides theoretical background and conditions for the
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combustion and gasification simulations, and derives the hollow sphere model along with
theoretical wall thickness of a cenosphere.
Chapter 4 analyzes the morphology of char formed from Illinois coal #6 using the
measurement techniques developed in Chapter 3, and quantifies the accuracy of twodimensional porosity estimation techniques. The effects of char macro-pores on char
conversion are discussed by comparing the results from a gasification simulation of a
spherical uniform porosity char and a pore-resolving char. The effects of char
morphology are further discussed by considering the combustion of three char particles
with different morphologies. Finally, the accuracy of the spherical and hollow-sphere
effectiveness factor models is compared with the results of the three char particles. The
differences between the hollow sphere and solid sphere models are also discussed.
Chapter 5 provides concluding remarks and provides recommendations for
improvement of future studies. The effects of resolving large macro-pores are discussed
and recommendations on the improvements of char sub-models are made. Finally,
recommendations for possible future work using the current findings are made.
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Chapter 2. Literature Review

2.1 Char Particle Morphological Analyses from 2-D Cross Sections

Alvarez et al. set devolatilized char particles in an epoxy resin and imaged cross
sections with an optical microscope (Alvarez, Borrego, & Menendez, 1997). A twodimensional radial mass distribution was then developed to determine the radial
distribution of the particle’s macro-pores. Cenospherical particles had centrally located
macro-pores with distinct radial mass distributions that could differentiate these particles
from network particles and solid particles. However, radial mass distributions could not
differentiate network particles from solid particles, as only macro-pore location was
considered and not macro-pore volume. The two-dimensional radial mass distribution
relies on a cross-section from three dimensional macro-pores, so two-dimensional radial
distributions may depend on the char cross-section sampled.
Chaves et al. and Wu et al. developed automated methods to classify char
particles based on the morphological properties measured from two-dimensional crosssections (Chaves, Fernandez-Robles, Bernal, Alegre, & Trujillo, 2018) (Wu, Lester, &
Cloke, 2006). These morphological characteristics were macro-porosity, estimated by Eq.
(1b), wall thickness, sphericity/shape, and others. The morphological parameters of each
char were then used to classify the char into the grouping that most closely matched its
characteristics. However, it is possible that char particles are improperly classified due to
morphological parameter variability and measurement accuracy, specifically porosity
estimation.
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Char particle wall thickness is an average value for the char’s cross-section, but
this cross-section may not be representative of the particle’s true wall thickness due to the
sampling of only a single cross-section. So the measurement of particle morphological
characteristics from a single char cross section is subject to high variability and unknown
error which may cause incorrect classification of the particle’s morphology.
Ma & Mitchell, Cloke et al., and Wu et al. developed char reaction models based
on particle morphology (Ma & Mitchell, 2009) (Cloke, Wu, Barranco, & Lester, 2003)
(Wu., Lester, & Cloke, 2006). These models relied on the classification of char particles
using morphological parameters measured from two-dimensional cross-sections. The
measurement of morphological characteristics is subject to the same variability as
demonstrated in Fig. 3, which may cause char particles to be improperly grouped. The
reaction models may thus make false conclusions about the particle’s morphology
leading to error in the particle burnout predictions.

2.2 Feature Resolving Simulations of Char Particles

Fong et al. demonstrated the importance of char morphology by comparing two
models: a volume-averaged, spherical char particle with uniformly distributed initial
porosity, and a second model based on micro-CT data of char particles to create a threedimensional model with resolved geometric features and macro-pores (Fong, Jorgensen,
& Singer, 2018). Both chars were simulated at conditions similar to an entrained flow
gasifier and considered the steam and carbon dioxide heterogeneous gasification
reactions. The comparison between the two simulations showed that the consideration of
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large macro-pores within the three-dimensional particle enhanced reactant and thermal
transport throughout the particle. However, the simulation was only conducted for a
single particle with low macro-porosity. This demonstrates the importance of
incorporating morphological effects into char conversion models but does not show the
effects that different morphologies have on reactant and thermal transport. To accomplish
this, chars with varied char morphology need to be simulated to examine the extent to
which char structure affects intra-particle transport. The gasification reactions also
reacted at conditions close to Zone I, demonstrated by the high effectiveness factors. This
may have minimized the effects of reactant transport facilitated by the resolved pores as
concentration gradients are less severe due to the slower kinetics.
Richter et al. simulated a porous char particle in a high temperature oxygen
environment using a simplified particle model of an agglomerate of 185 reacting spheres
(Richter, Nikrityuk, & Meyer, 2015). The agglomerate of spheres allows for idealized
features meant to emulate the large voids present within porous carbon char to be
resolved and incorporated into the combustion model. The simulation domain was a
rectangle with laminar air flow over the particle. A steady state solution was obtained.
The simulation was then compared to a completely solid sphere of equal diameter so that
no intra-particle transport could occur. The comparison showed that the resolution of
large features via the particle agglomerate introduced intra-particle gradients for 𝐶𝑂2
causing significant temperature gradients within the particle due to the endothermic
reactions. This showed that the classical treatment of a char particle as a solid sphere can
misrepresent reactant concentration gradients and temperature distributions, so an
accurate representation of morphology is important within particle combustion models.
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Although the agglomerate of solid spheres shows the effects of resolved features, the char
structure is not realistic as has little physical basis. Also, reactions occur within the
porous spheres, but Richter et al. ignored these effects and reactions were only
considered on the surface of the spheres.
In a study similar to that of Richter et al., Xue et al. studied the effects of char
morphology using idealized cylindrical pores and varying their structure to adjust the
particle’s specific surface area with porosity and particle size (Xue, Guo, Gong, Xu, &
Yu, 2017). Simulation conditions were high temperature, standard pressure, and a
concentrated oxygen and carbon dioxide environment. The CFD study by Xue et al.
found that particles with high porosity were more sensitive to oxygen concentration due
to the high surface area. It was also determined that ambient conditions and particle size
were the most influential on overall carbon consumption, while porosity had a minimal
effect. However, the porosity changes only influenced the char’s surface area and did not
cause any change to the particle’s morphology. This model is not reflective of true char
morphology as changes in porosity may result in entirely different char structures. Xue et
al.’s model of varying particle surface area through resolved cracks within a spherical
particle are non-physical as they are not based on actual char morphology.

2.3 Spherical Effectiveness Factor

CFD simulations at the reactor scale must track and determine the reaction of
thousands of particles at once, so simplified models without spatial resolution must be
implemented that can be solved quickly. An effectiveness factor method for a reacting
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sphere was derived by Thiele that determines the percent of the particle’s maximum
possible reaction rate (Thiele, 1939). The analytical solution is obtained by integrating
reaction rates based on concentration profiles within the particle and dividing by reaction
rates using far field reactant concentrations, which gives an effectiveness factor between
zero and one. The analytical solution is for a spherical reacting solid with first order
Arrhenius kinetics with uniform porosity:

𝜂=

𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
3

𝐷𝑘𝑛𝑢𝑑

1

√𝐴∗𝑆 𝑒𝑥𝑝(−𝐸𝑎)𝑅𝑇
𝑅𝑇

tanh(𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 √

(

𝐷𝑘𝑛𝑢𝑑
)
𝐸
𝐴∗𝑆 𝑒𝑥𝑝(− 𝑎 )𝑅𝑇
𝑅𝑇

−𝑟

1
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝐷

𝑘𝑛𝑢𝑑
√𝐴∗𝑆 𝑒𝑥𝑝(−𝐸𝑎)𝑅𝑇 (2)
𝑅𝑇

)

The terms within Eq. (2) are as follows, 𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is particle radius, 𝐷𝑘𝑛𝑢𝑑 is Knudsen
diffusivity, A is the pre-exponential factor, S is the particle’s surface area per volume, 𝐸𝑎
is the activation energy, R is the universal gas constant, and T is the particle temperature.

15

Chapter 3. Materials and Methods

3.1 Forming Coal Chars

The bituminous coal Illinois #6 was selected for this study. Coals were first sieved
to a 100 µm nominal diameter. Particles were placed on a thin sheet of aluminum foil in a
single layer, then covered with a beaker, purged with Argon, and sealed. The foil holding
the coal particles was then placed in an 800°C muffle oven for 30 seconds, achieving a
maximum heating rate of around 10,000 K/s. Cenospherical and network chars were
produced in roughly equal amounts during the devitalization process. Particles were then
lightly attached to double sided adhesive that was wrapped around a micro-pipette tip for
micro-CT imaging.

3.2 Visualizing Char Morphology

A few dozen particles were imaged simultaneously using a micro-CT scanner at a
resolution of 1.6560 µm. The grey-scale TIFF files generated during micro-CT scanning
are imported to Simpleware’s ScanIP software for processing (Simpleware, 2017). A
recursive Gaussian filter was initially applied to differentiate between the carbonaceous
char and surrounding macro-pore/voids. Grey-scale thresholding was then applied to
segment the char particle into microporous solid and macro-pore sections. Due to similar
grey scales between the surrounding fluid and macro-pores, the two portions had to be
separated manually by selecting only voids contained within the char’s microporous solid
to be considered macro-porous volume. A similar process was implemented in separating
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the carbonaceous char from the adhesive tape using a slight grey-scale difference as
reference. A char cross-section is presented in Fig. 4 that shows the grey-scaled image
post processing, Fig. 4 (a), and post segmentation Fig. 4 (b). A three-dimensional
rendering of a char particle along with its macro-pore structure are shown in Fig. 5. This
procedure was repeated for fifty char particles ranging between 10-60% macro-porosity.

Figure 4 – (a) Grey-Scale Char Cross Section Post Image Processing (b) Segmented Char Cross Section with
microporous solid (red) and macro-pore (blue)
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Figure 5 – 3D Rendering of a Char Particle and the Macro-Pore Structure

3.3 Three-Dimensional Measurement of Char Particle Morphology

In order to determine the morphology of char particles, the location of
microporous solid and macro-pores must be determined for each particle. To realize this,
a radial distribution similar to that defined by Alvarez (Alvarez, Borrego, & Menendez,
1997) was developed and extended to three dimensions. Due to software limitations
within ScanIP, a particle mesh was first created within ScanIP and exported to ANSYS
Fluent for further processing. The three-dimensional radial distributions of microporous
solid and macro-pores can be collapsed to a one-dimensional distribution by summing
elements over the surface of a sphere to determine a surface fraction, ∅𝑗𝑘 . The equation
for the determination of a specific surface fraction is given in Eq. (3), with the summation
over the i elements on the surface of a sphere with radius k. A is the sphere’s total surface
area and 𝐴𝑖 is the surface area of the individual element. The term 𝛿𝑖𝐼𝐷𝑗 is a switch
function that is one if 𝑖𝑖𝑑 is equal to j and zero otherwise. 𝑖𝑖𝑑 is assigned to each mesh cell
based on segmentation, shown in Fig. 4, with the uncolored region corresponding to the
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id of surrounding fluid. The measurable surface fractions, j, are “microporous solid”,
“macro-pore”, and “particle”, with the latter including both the macro-pores and
microporous solid and is used to distinguish between the particle’s border and
surrounding fluid. This procedure corresponds to averaging over polar and azimuthal
directions at each radial location. ∅𝑗𝑘 will always return a value between zero and one to
demonstrate the coverage percent of the variable j over a sphere’s surface.
1

∅𝑗𝑘 = 𝐴 ∑𝑛𝑖=1 𝛿𝑖𝐼𝐷𝑗 |𝐴𝑖 |

(3)

Each char particle is unique in shape and size so the comparison of radial
distributions between them is difficult without modifications. In order to compare radial
distributions, a scaling factor is determined, 𝐿𝑠𝑐𝑎𝑙𝑒 , based on the ratio of the particle’s
effective diameter to the desired 100 µm effective diameter, with the equation given in
Eq. (4) (Fan & Zhu, 1998). Char particles are then isotopically scaled using the scale
factor, so each particle has equivalent volume. The scale factor is the value of adjustment
needed to change the particle’s volume so that an effective diameter of 100 µm is
reached. Scaling is a form of non-dimensionalization, which enables comparison between
radial distributions from different particles.

𝐿𝑠𝑐𝑎𝑙𝑒 =

1
3

6
𝜋

( ∗(𝑉𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒 +𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑 ))
100∗10−6

(4)

The generation of a radial distribution requires that average surface fractions of
char geometry, ∅𝑗𝑘 , be measured for multiple spheres with varying radii. A “center” must
be specified so the spheres are concentric and since particles are not perfectly spherical,
the “center” is taken to be the center of volume of the microporous solid and macro-
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pores. The center of volume is equivalent to the center of gravity if the considered
volumes have equal densities. The center of volume is determined in three directions, x,
y, and z, which is denoted by the j term in Eq. (5). The summation is over all the volume
elements, 𝑉𝑖 , in the specified direction j, with 𝐿𝑖𝑗 being the volume elements distance
from the selected origin.

𝐶𝑉𝑗 =

∑𝑛
𝑖=1 𝑉𝑖 𝐿𝑖

𝑗

(5)

∑𝑛
𝑖=1 𝑉𝑖

Concentric spherical shells are then created with the center specified to be the
center of volume. When measuring radial distributions, the center of volume included
both microporous solid and macro-pore volume elements. For the distribution curves, the
concentric spheres are created in radial increments of 1 µm. To test the accuracy of the
radial distributions the values for all ∅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒,𝑘 are measured and the total particle
volume is calculated with Eq. (6), by summing over all radii, k. 𝑟𝑘 is the sphere’s radius
and ∆𝑟 is the radial spacing between spheres.
𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = ∑𝑛𝑘=1 4𝜋𝑟𝑘2 ∗ ∅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑘 ∗ ∆𝑟

(6)

The estimated “particle” volume using the radial distribution and Eq. (6) is then
compared with the meshed particle volume, assumed to be true volume. The error of
determining the particle volume using the radial distributions is then determined with Eq.
(7) and found to be on average, 0.261%. Due to the individual errors for each particle in
estimating particle volume, surface fractions for all radii were uniformly rescaled based
on Eq. (4) to ensure particles have equal volume.

% 𝐸𝑟𝑟𝑜𝑟 =

|𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑡𝑟𝑢𝑒 −𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑡𝑟𝑢𝑒

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

|

∗ 100

(7)
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3.4 Measuring Char Particle Wall Thickness

The thickness of a char’s microporous solid or “wall thickness” is an important
metric as it provides an estimate for the diffusion length of reactant species. Wall
thickness is typically sampled throughout the char particle and reported as an average due
to the non-uniform wall thickness in chars. The averaging of wall thickness is done twice
for the experimental measurements taken, the first is the average of numerous wall
thickness measurements for a single char cross section. The second is the average of three
average wall thicknesses taken from orthogonal cross sections. All cross sections used to
determine wall thickness intersect the chars center of microporous solid volume, which
neglects macro-pore volume elements.
Image data from ScanIP is imported into MATLAB for image processing. 100
measurement lines extending from the char’s microporous solid center of volume are
drawn on each char cross section with a known angle 𝜃, with an example illustrated in
Fig. 6.
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Figure 6 – Wall Thickness Measurement Lines with (White) Microporous Solid and (Black) Macro-pores/Voids

The microporous solid thickness, 𝑡𝑚𝑖𝑐𝑟𝑜−𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑 , is then calculated using Eq.
(8) for each measurement line by summing the length of the measurement line, 𝐿𝑝𝑖𝑥𝑒𝑙𝑙𝑖𝑛𝑒 𝑖 ,
within each pixel intersected. It should be noted that the length of a MATLAB pixel is
not equal to that of a ScanIP pixel. The term 𝛿𝑚𝑖𝑐𝑟𝑜−𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑,𝑖 is equal to one if the
pixel falls within the “white” microporous solid region and zero if in the “black” macropore/surrounding fluid region. The length of 𝐿𝑝𝑖𝑥𝑒𝑙𝑙𝑖𝑛𝑒 𝑖 is determined within each pixel
based on the two intersections points as shown in Fig. 7. Before calculating 𝐿𝑝𝑖𝑥𝑒𝑙𝑙𝑖𝑛𝑒 𝑖 the
location of intersection 2 is determined using the position of intersection 1, the known
angle 𝜃, and the location of the pixel’s borders which are always

𝐿𝑝𝑖𝑥𝑒𝑙
2

from the center of
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the pixel. The length of the MATLAB pixel, 𝐿𝑝𝑖𝑥𝑒𝑙 , is determined for each image. After
averaging all 100 microporous solid thicknesses the length is then scaled using the
respective scaling factor from Eq. (4).
𝑛

𝑡𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑 = ∑𝑖 𝑝𝑖𝑥𝑒𝑙𝑠 𝐿𝑝𝑖𝑥𝑒𝑙𝑙𝑖𝑛𝑒 ∗ 𝛿𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑,𝑖
𝑖

(8)

Figure 7 – Measurement Line Length of a Single Pixel

3.5 Theoretical Wall Thickness of a Cenosphere

A common char particle morphology termed a cenosphere contains a single
centrally located macro-pore surrounded by microporous solid. Figure 4 is an example of
a thick walled cenosphere viewed from a two-dimensional cross-section. An idealized
cenosphere would mean both the inner macro-pore and surrounding microporous solid
would be perfectly spherical. Using this idealized assumption of morphology, the
microporous solid wall thickness can be theoretically predicted using only the particle’s
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total macro-porosity and size. The derivation of this equation starts with Eq. (9) for the
total particle volume.
4
3

3
𝜋𝑟𝑜𝑢𝑡𝑒𝑟
= 𝑉𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒 + 𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑

(9)

Eq. (1a) is then solved for 𝑉𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑 and substituted into Eq. (9):

𝑉𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒 =

4
𝜋𝑟 3
3 𝑜𝑢𝑡𝑒𝑟
1−𝜀𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒
1+
𝜀𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒

(10)

𝑉𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒 can also be determined by Eq. (11) as the macro-pore is a single centrally
located sphere:
4

3
𝑉𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒 = 3 𝜋𝑟𝑖𝑛𝑛𝑒𝑟

(11)

Eq. (10) and Eq. (11) are then equated and 𝑟𝑖𝑛𝑛𝑒𝑟 is isolated, which is substituted
into the expression for wall thickness, Eq. (12), resulting in Eq. (13). Eq. (13) determines
the wall thickness of a perfectly spherical cenospheric char using only total macroporosity and particle outer radius.
𝑡𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑 = 𝑟𝑜𝑢𝑡𝑒𝑟 − 𝑟𝑖𝑛𝑛𝑒𝑟

3
𝑟𝑜𝑢𝑡𝑒𝑟
1−𝜀𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒
1+(
)
𝜀𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒

𝑡𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑 = 𝑟𝑜𝑢𝑡𝑒𝑟 − (

(12)
1
3

)

(13)

3.6 Estimation Methods for Char Particle Macro-Porosity

Through the use of micro-CT imaging a particle’s macro-porosity can be exactly
determined by dividing the macro-pore volume by total particle volume as shown in Eq.
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(1a). Since the exact porosity is known, the accuracy of the area porosity estimation,
given in Eq. (1b), method can be determined. The error of the area estimation technique
can be estimated using the volume of a sphere and area of a circle, as shown in Eq. (14).
For simplicity’s sakes, both the particle and macro-pore will be assumed to be perfect
spheres which allows for the volume of a sphere and area of a circle to be substituted into
Eq. (1a) and Eq. (1b) respectively, which simplifies to Eq. (14)
𝜀𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =

3
𝑟𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒
3
𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

≈

2
𝑟𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒

(14)

2
𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

The area estimation method has an error of

𝑟𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒
𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

and since 𝑟𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is

always larger than 𝑟𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒 it can be predicted that the area estimation method will
overestimate a particle’s macro-porosity. This overestimate is expected for the idealized
cenosphere morphology, but this conclusion can be reasonable extrapolated to apply to
the non-ideal char morphology.
Accuracy of estimation methods can be further improved, even within the context
of two-dimensional imaging, by eliminating simplifying assumptions. It was found that
by using a technique termed the “cylindrical stacking method”, the volume of macropores and particle could be estimated based on char cross section images, thus foregoing
the approximation of the volume ratio with an area ratio. The terminology of “cylindrical
stacking” arises due to the method in which particle and macro-pore volume are
estimated. Thin disks with finite height are created that are assumed to be symmetrical
about their own center of volume instead of the entire cross section as is custom with the
area estimation method. The cylinders are created for both the macro-pore and particle
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with the individual volumes of each determined by summing the volume of each thin
cylinder.
The formulation of the cylinders requires that the diameter be determined based
on the char cross section. The diameters for the macro-pore and particle are determined in
the x-direction with the cylinder being extruded into the y-direction for a length of h,
which is equal to the length of a MATLAB pixel. Two diameters are determined for each
pixel row, the particle diameter, 𝑑𝑝𝑖 , and the macro-pore diameter, 𝑑𝑀𝑃𝑖 , with subscript P
standing for particle and subscript MP standing for macro-pore. The determination of
diameter for the cylindrical stacking method is illustrated in Fig. 8a with examples of
volume cylinders given in Fig. 8b. A possible secondary scenario is also shown in Fig. 8a
where the macro-pores are divided into multiple sections for a single row. In this case the
macro-pore diameter is defined as the sum of individual diameters using Eq. (15).
𝑑𝑀𝑃 𝑖 = ∑𝑛𝑗=1 𝑑𝑀𝑃𝑖𝑗

(15)

The particle and macro-pore volume are determined by summing the individual
volumes of each cylinder until the last pixel in the y-direction, 𝑛𝑝𝑖𝑥𝑒𝑙 .
𝑛

𝜋

𝑝𝑖𝑥𝑒𝑙
𝑉𝑃 = ∑𝑖=1
𝑑𝑃2𝑖 ℎ

4

𝑛

𝜋

𝑝𝑖𝑥𝑒𝑙
𝑉𝑀𝑃 = ∑𝑖=1
𝑑2 ℎ
4 𝑀𝑃𝑖

(16)

(17)

Macro-porosity is then determined by substituting Eq. (16) and Eq. (17) into Eq.
(1a) to estimate macro-porosity, which simplifies to Eq. (18) as pixel height, h, is
constant.
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𝑛𝑝𝑖𝑥𝑒𝑙𝑠

𝜀𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦𝐶𝑆𝑀 =

∑𝑖=1

𝑑𝑀𝑃 2𝑖

𝑛𝑝𝑖𝑥𝑒𝑙𝑠
∑𝑖=1

2
𝑑𝑃

(18)

𝑖

This method is then repeated except with cylinder diameters determined in the ydirection and extruded across the x-direction. This yields two macro-porosity estimations
for each char cross section. Three orthogonal cross sections from each char particle will
be sampled all intersecting the particles microporous solid center of volume, which
results in a total of six cylindrical stacking macro-porosity estimations and three area
macro-porosity estimations. These are then averaged to provide a single macro-porosity
estimation.

𝑑𝑀𝑃2
𝑑𝑀𝑃𝑖1

𝑑𝑀𝑃𝑖2

𝑑𝑃2

𝑑𝑃𝑖
𝑑𝑀𝑃𝑖

𝑑𝑃1

y
x
(a)

(b)

Figure 8 (a) Determination of Particle and Macro-Pore Diameters from a Char Cross-Section (b) Stacked Cylinder
Volumes from Cross Section Measurements

3.7 Morphology of the Chars used in the Combustion Simulation
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It is desirable to characterize the effects that char particle morphology have on
reactant transport and carbon conversion rates. To accomplish this, three char particles
with different macro-porosity and morphology were selected. The comparison between
particles was made fair by using identical effective diameters, total particle volumes,
microporous solid porosities, internal surface areas, and intrinsic kinetics. Identical
particle effective diameter and total volume were achieved by isotropically scaling each
particle using the scaling factor determined by Eq. (4). Three particles were selected for
the study and all were defined to have a microporous solid porosity equal to 25.64%. The
internal surface area of the microporous solid and kinetic rates of the heterogeneous
reaction were also equal and given in Section 3.8. The total macro-porosity of each char
particle is given in Table 1.

Table 1 – Particle ID and Respective Macro-Porosity

Particle ID
Particle 1 (P1)
Particle 2 (P2)
Particle 3 (P3)

Macro-porosity [%]
17.8
24.6
34.9

Before considering the results of the combustion simulation, the morphology of
each char particle must be determined. Particle cross sections that intersect the particle’s
microporous solid center of volume and the microporous solid surface fraction
distribution are shown in Fig. 9. The microporous solid volume distribution is determined
using Eq. (3) with 𝛿𝑖𝐼𝐷𝑗 equal to one when a cell is microporous solid (mps) and zero
otherwise.
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Particle 1(P1)

Particle 2 (P2)

Particle 3 (P3)

Figure 9 – Microporous Solid Surface Fraction vs. Radius with a respective cross-section

Particle 1 has the lowest macro-porosity and contains small pockets of macropores, which is reflected by several small peaks and valleys in the surface fraction
distribution of microporous solid, mps. Particle 2 has larger, more centrally located
macro-pores, which results in smoother increases and decreases in the microporous
solids’ surface fraction. Particle 3 has the largest macro-porosity and its macro-pore
volume is dominated by a centrally located void. The single spike in microporous solid
surface fraction is due to this char’s wall. Particles 1 and 2 appear to have more
uniformly distributed macro-pores of varying size, while Particle 3 is a thick-walled
cenosphere.

3.8 Combustion Simulation: Governing Equations and Sub-Models
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The conservation equations of mass, momentum, species, and thermal energy
must be solved at each time step of the combustion simulation. These conservations
equations differ when considering the microporous solid domain or the macropore/surrounding fluid domain.
Standard conservation equations based on first principles are applied within the
surrounding fluid and macro-pores, as pore length-scales are sufficiently large within
these areas that pore wall effects can be ignored. These conservation equations are given
by Fong et al. (Fong, Jorgensen, & Singer, 2018), although it should be noted that body
forces were ignored as particles were assumed to be entrained within the flow.
𝜕(𝜌)
𝜕𝑡

+ ∇ ∗ (𝜌𝑣⃗ ) = 0

𝜕(𝜌𝑣
⃗⃗)
𝜕𝑡

+ ∇ ∗ (𝜌𝑣⃗𝑣⃗ ) = −∇𝑝 + ∇ ∗ (𝜏̿)

𝜕(𝜌𝑌𝑖 )
𝜕𝑡

𝜕
𝜕𝑡

+ ∇ ∗ (𝜌𝑣⃗𝑌𝑖 ) = −∇𝐽⃗𝑖 + 𝑅𝑖

(𝜌𝑓 𝐸𝑓 ) + ∇ ∗ (𝑣⃗(𝜌𝑓 𝐸𝑓 + 𝑝) = 𝑆𝑓ℎ + ∇ ∗ [(𝑘𝑓 )∇𝑇 − (∑𝑖 ℎ𝑖 𝐽𝑖 ) + (𝜏̿𝑒𝑓𝑓 ∗ 𝑣⃗)]

(19)

(20)

(21)

(22)

Effective continuum equations are applied within the microporous solid, as pores
within this carbon matrix are small enough to be upscaled and volume-averaged without
violating the length scale requirements (Fig. 2). These equations contain terms involving
cell’s local porosity and include mass, species, and energy source terms due to
heterogeneous reactions on the unresolved micropores and employ effective
thermophysical properties. Effective continuum equations are also given in the paper by
Fong (Fong, Jorgensen, & Singer, 2018).
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𝜕(𝜀𝜌)
𝜕𝑡

+ ∇ ∗ (𝜀𝜌𝑣⃗) = 𝑆𝑚

𝜕(𝜀𝜌𝑣
⃗⃗)
𝜕𝑡

+ ∇ ∗ (𝜀𝜌𝑣⃗𝑣⃗ ) = −𝜀∇𝑝 + ∇ ∗ (𝜀𝜏⃗) − (

𝜕(𝜌𝜀𝑌𝑖 )
𝜕𝑡

𝜕
𝜕𝑡

(23)
𝜀 2𝜇
𝐾

𝑣⃗)

+ ∇ ∗ (𝜌𝜀𝑣⃗𝑌𝑖 ) = −∇𝐽⃗𝑖 + 𝑅𝑖

(24)

(25)

(𝜀𝜌𝑓 𝐸𝑓 + (1 − 𝜀 )𝜌𝑠 𝐸𝑠 ) + ∇ ∗ (𝑣⃗(𝜌𝑓 𝐸𝑓 + 𝑝) = 𝑆𝑓ℎ + ∇ ∗ [(𝜀𝑘𝑓 + (1 − 𝜀 )𝑘𝑠 )∇𝑇 −

(∑𝑖 ℎ𝑖 𝐽𝑖 ) + (𝜏̿ ∗ 𝑣⃗ )

(26)

Both advection and diffusion contribute to species transport, with the molecular
diffusion expression given by Eq. (27), which is used as the diffusion coefficient within
the surrounding fluid and macro-pores (Reid, Prausnitz, & Poling, 1987).

(1.0∗10−7)𝑇 1.75 √

𝐷𝑖,𝑚 =

𝑀𝑊𝑖 +𝑀𝑊𝑎𝑣𝑔
𝑀𝑊𝑖 𝑀𝑊𝑎𝑣𝑔

2
1
1
3 )
𝑃𝑡𝑜𝑙,𝑎𝑡𝑚(𝜈𝑖3 +𝜈𝑎𝑣𝑔

(27)

Within the microporous solid the size of the pore diameter approaches that of the
mean free path, so Knudsen diffusion effects must be incorporated, which is given by Eq.
(28).

𝐷𝑘𝑛𝑢𝑑𝑖 =

𝑑𝑝
3

8𝑅𝑢 𝑇

√𝜋𝑀𝑊

𝑖

(28)

𝑑𝑝 , is pore diameter and defined by Eq. (29), with 𝜀 being porosity and 𝑆𝑡𝑜𝑡𝑎𝑙 the pores
total surface area within the microporous solid (Wang & Bhatia, 2001).
𝑑𝑝 = 𝑆

4𝜀

𝑡𝑜𝑡𝑎𝑙

(29)
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Both Knudsen and bulk diffusion must be considered within the microporous
solid, so an effective diffusivity is defined by Eq. (30), with the tortuosity, 𝜏, assumed to
be one for the combustion simulation (Satterfield & Charles, 1981).
1

𝜀

𝐷𝑖,𝑚,𝑒𝑓𝑓

= 𝜏 (𝐷

1

1

𝑘𝑛𝑢𝑑𝑖

+𝐷 )

(30)

𝑖,𝑚

Both char oxidation as well as the 𝐶𝑂2 and 𝐻2 𝑂 gasification reactions are
considered, while homogeneous reactions within the fluid such as the water-gas shift are
ignored. Reactions are represented by global heterogeneous expressions.
𝛽+2

𝛽

1

𝐶 + 2(𝛽+1) 𝑂2 → 𝛽+1 𝐶𝑂 + 𝛽+1 𝐶𝑂2

(R1)

𝐶 + 𝐶𝑂2 → 2𝐶𝑂

(R2)

𝐶 + 𝐻2 𝑂 → 𝐻2 + 𝐶𝑂

(R3)

The CO/CO2 product ratio, 𝛽, for (R1) is determined using Eq. (31).
𝛽 = 70𝑒𝑥𝑝 (−

3070
𝑇

)

(31)

Power law expressions for the intrinsic reaction kinetics are given by:
𝐸

ℜ𝑗 = 𝐴 ∗ 𝑆 𝑒𝑥𝑝(− 𝑅𝑇𝑎 )𝑃𝑖𝑛

(32)

Where S represents the internal surface area of the effective-continuum regions.
Kinetic parameters are shown in Table 2, based on (Hecht, Shaddix, Molina, & Haynes,
2011) (Harris & Smith, 1991) and besides 𝑆𝑇𝑜𝑡𝑎𝑙 , are identical to those used in (Singer,
Chen, & Ghoniem, 2013).
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Table 2 - Char Kinetic Parameters

Reaction

𝑚2

𝑆𝑇𝑜𝑡𝑎𝑙 [𝑚𝑐3 ]

[

𝑚 3 ∗𝑠∗𝑎𝑡𝑚 𝑛

R1
R2
R3

3.79e7
3.79e7
3.79e7

𝑘𝐽

A*S
𝑘𝑚𝑜𝑙

7.91e7
1.45e8
2.90e8

]

𝐸𝑎 [𝑚𝑜𝑙 ]

n

127
230
230

1.0
0.4
0.4

As the carbon particle is converted to gas the internal pore structure evolves
resulting in a change of internal surface area. Evolution of the microporous solid’s
surface area was modeled using the random pore model (Bhatia & Perlmutter, 1980)
(Gavalas, 1980), Eq. (33), with the structural parameter, 𝜓, equal to 3.0.
𝑆𝑔 = 𝑆𝑔0 (1 − 𝑋)√1 − 𝜑 ln(1 − 𝑋)

(33)

X stands for particle conversion which is calculated using Eq. (34)
𝜀−𝜀

𝑋 = 1−ɛ 0

(34)

0

The change in porosity with time is determined by Eq. (35), with the stoichiometric
coefficient 𝑣𝐶,𝑖 equal to negative one for all heterogeneous reactions which was taken
from (R1-R3).
𝑑𝜀
𝑑𝑡

=

𝑀𝑊𝑐
𝜌𝑡

∑3𝑖=1 ℜ𝑖

(35)

Particles are placed at the center of a 1000 µm diameter spherical fluid domain.
The boundary velocity is initially zero but freely adjusts itself according to Stefan flow
effects. Mole fractions and temperature at the boundary are held constant and given in
Table 3. Far field boundary conditions are based on the pre-flame region of a CFD
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simulation of a 100 𝑘𝑊𝑡ℎ pilot scale test facility (Andersson, Johansson, Hjartstam,
Johnsson, & Leckner, 2008).

Table 3 Far Field Boundary Conditions

Temperature [K]

𝑥𝑜2

𝑥𝑐𝑜2

𝑥𝐻2 𝑂

𝑥𝐶𝑂

1373

0.12

0.74

0.10

0.04

3.9 Char Combustion Simulation Conditions and Mesh Validation

A mesh sensitivity study was conducted to determine the necessary number of
volume elements to reach a converged solution. Radial distributions of oxygen mole
fraction were collected from the same char particle at 25 ms. The mesh size of 616 K
elements was used to determine the relative difference of the lower element meshes,
which is displayed in Fig. 10. It was found that 4.45e5 mesh elements was sufficient to
reasonably predict the oxygen concentration at 25 ms, so each char particle model
contained at least 4.45e5 elements. Fig. 11 illustrates a pore-resolving mesh, with the
surrounding fluid in green, microporous char in red and resolved pores/voids in blue.
Mesh element sizes grow as distance from the particle’s center increases. Transient, 3-D
simulations were run using Ansys FLUENT with a fixed time step of 0.5 ms. Simulation
convergence of each time step was determined once volume averaged oxygen mole
fraction changed by less than 1e-5 per 100 iterations.

% Diff 𝑋𝑂2
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Figure 10 – Convergence Study Based on Oxygen Mole Fraction Distributions

Figure 11 – Cross Section of a Meshed Char Particle
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3.10 Gasification Simulation Governing Equations and Sub-Models

Two gasification simulations were constructed to demonstrate the effects of large
morphological features on reaction and transport. The first simulation, which is typical of
the effective-continuum models employed in the literature, was a spherical particle
consisting of initially uniform, sub-grid-scale porosity, which was simplified to a twodimensional half circle using symmetry arguments. The particle’s microporous solid
porosity was equal to the particle’s total porosity of 68%. The second simulation was a
pore-resolving simulation of a char particle based on micro-CT imaging. The particle had
a resolved macro-porosity of 11.7%. To ensure that the total porosity of the particles was
identical, the microporous solid porosity of the resolved particle was reduced to 63.8%
according to Eq. (36).
𝜀𝑇𝑜𝑡,0 = 𝜀𝑣𝑜𝑖𝑑𝑠 + (1 − 𝜀𝑣𝑜𝑖𝑑𝑠 )𝜀𝑚𝑖𝑐𝑟𝑜−𝑠𝑜𝑙𝑖𝑑,0

(36)

To further ensure the comparison between the models was valid, the equivalent diameter,
total volume, total internal surface area, mass were also identical between the 2-D
effective continuum model and the 3-D pore-resolving model.
Typical conservation equations are solved within the macro-pores and
surrounding fluid and effective continuum equations are solved within the microporous
solid domain as previously discussed in Section 3.8.
Two heterogeneous gasification reactions were considered for the simulation (R2)
and (R3), with (R1) ignored due to the absence of oxygen. The kinetics for these
reactions are given in Table 4, which are different from those of Table 2 due to
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gasification occurring at higher pressures. 𝑆𝑡𝑜𝑡𝑎𝑙 for these particles was 3.22𝑥108 𝑚2 /
𝑚3 . Gasification kinetics were taken from experimental measurements performed by
Tremel and Spliethoff (Tremel & Spliethoff, 2013).

Table 4 – Gasification Arrhenius Rate Parameters

Reaction
𝑘𝑚𝑜𝑙
A*S [𝑚3 ∗𝑠∗𝑀𝑃𝑎𝑛]

R1
2.016 ∗ 108

R2
3.892 ∗ 1010

𝐸𝑎 [𝑚𝑜𝑙 ]

200

212

Order

0.41

0.41

𝑘𝐽

The diffusivity equations and pore evolution equations were also implemented
(Eqs. (27-30) and Eqs. (33-24)) as discussed in Section 3.8, with a few changes. The
tortuosity in Eq. (30) was assumed to be the inverse of porosity and the structural
parameter in Eq. (33) was assumed to be one. Effective diffusivity for the microporous
𝜀

solid region is then multiplied by 𝜀 2 instead of 𝜏.
The char particle was placed at the center of a spherical fluid domain that was
twenty times larger in diameter than the particle’s effective diameter. Boundary
conditions were roughly based on a GE gasifier (Singer & Ghoniem, Comprehensive
gasification modeling of char particles with multi-modal pore structures, 2013) and given
in Table 5. No velocity is initially imposed as the particle is assumed to be entrained
within the flow, but velocity is free to adjust at the boundary based on Stefan flow
effects.
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Table 5 – Gasification Boundary Conditions

Temperature [K]
Pressure [Mpa]
𝑥𝐻2 𝑂
𝑥𝐶𝑂2
𝑥𝐻2
𝑥𝐶𝑂

1800.0
2.0
0.21
0.12
0.28
0.39

3.11 Derivation of a Hollow Sphere Concentration Profile

A common morphology type for char particles is a cenosphere, which is a hollow
microporous solid shell. An important characteristic for char particle’s is their wall
thickness as that is the reactant diffusion length scale. If a char’s morphology is shown to
resemble a cenosphere, the wall thickness can then be estimated as described by section
3.5. Particle reaction rates can then be determined by predicting reactant concentrations
within the finite thickness of the particle microporous solid wall. This concentration
profile is analytically determined by assuming a char particle is perfectly spherical with a
single inner void. The mass conservation for species i is expressed in Eq. (37) with the
diffusion, 𝐷𝑘𝑛𝑢𝑑 𝑖 , constant with radius (as porosity is uniform throughout the
microporous solid):
1
𝑅2

d

∗ dr (𝑟 2 ∗

dCi

)−𝐷
𝑑𝑟

1
𝑘𝑛𝑢𝑑 𝑖

𝑣𝑖 ∗ 𝑆 𝐴 𝑒𝑥𝑝(−𝐸𝑎 /𝑅𝑇) ∗ 𝐶𝑖𝑛 = 0

(37)

If reaction order n is equal to one, Eq. (34) is an ODE with a general solution of the form:
𝐶𝑖 (𝑟) =

𝐶1
𝑟

cosh(𝑎𝑟) +

𝐶2
𝑟

sinh(𝑎𝑟)

(38)
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The variable a is given in Eq. (39), with 𝑣𝑖 being the stoichiometric coefficient of the
reactant species. The variable 𝑎𝑖 will thus vary with reactant i.
1

𝑎𝑖 = √ 𝐷
𝑣𝑖 ∗ 𝑆 𝐴 𝑒𝑥𝑝(−𝐸𝑎 /𝑅𝑇)
𝑘𝑛𝑢𝑑

(39)

𝑖

The two boundary conditions are given by Eq. (40) and Eq. (41), with 𝑅0 equal to the
outer radius and 𝑅𝑖 equal to the inner radius.
𝐶𝑖 (𝑟 = 𝑅0 ) = 𝐶𝑠
𝑑𝐶𝑖
𝑑𝑟

(𝑟 = 𝑅𝑖 ) = 0

(40)
(41)

The boundary condition at the particle’s surface states that the concentration of
the microporous solid will be equal to the surface concentration of the char particle. The
inner boundary condition states that reactant concentration will have zero gradient at the
inner wall. This assumption is logical if the char particle is perfectly spherical and the
central macro-pore is completely encapsulated by microporous solid, as reactant
concentration will be uniform within the central void due to the lack of reactions and
viscous resistance from the pore wall. If the particle is non-symmetrical diffusion length
of reactant species will vary throughout the particle resulting in locally higher
concentrations within the void, causing a non-zero gradient at the inner wall due to the
macro-pore acting as a reactant source. Also, if there are alterative diffusion pathways
such as fissures or cracks within the particle this will give the inner void access to bulk
fluid reactant concentrations greatly increasing the void’s reactant concentration. This
will also cause the concentration gradient at the void’s inner wall to be non-zero as the
macro-pore will be locally higher than the surrounding microporous solid in reactant
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concentration. So, there are a many cases where this boundary condition is non-realistic,
but it is necessary, as the void’s concentration isn’t known.
Applying the constant concentration boundary condition, Eq. (40), constant 𝐶2 is solved
for given in Eq. (42)
𝐶

𝑅

𝐶2 = [𝐶𝑠 − 𝑅1 ∗ cosh(𝑎𝑖 𝑅0 )] ∗ sinh(𝑎0 𝑅

(42)

𝑖 0)

0

Eq. (38) can be simplified to Eq. (43) by substituting in Eq. (42).
𝐶𝑖 (𝑟) =

𝐶1
𝑟

[cosh(𝑎𝑖 𝑟) −

sinh(𝑎𝑖 𝑟)

𝐶𝑆 𝑅0

tanh(𝑎𝑖 𝑅0

𝑟

]+
)

sinh(𝑎 𝑟)

∗ sinh(𝑎 𝑖𝑅

𝑖 0)

(43)

The equation is then differentiated with respect to r and the no flux boundary condition is
applied at the inner radius and solved for 𝐶1 which is given in Eq. (44).

𝐶1 =

sinh(𝑎𝑖 𝑅𝑖 ) acosh(𝑎𝑖 𝑅𝑖 )
𝐶𝑠 𝑅0
[
−
]
𝑅𝑖
sinh(𝑎𝑖 𝑅0 )
𝑅2
𝑖
𝑎𝑖
1
𝑎
1
sinh(𝑎𝑖 𝑅𝑖 )∗(
+ )−cosh(𝑎𝑖 𝑅𝑖 )∗(
+ )
𝑅𝑖
tanh(𝑎𝑖 𝑅0 )𝑅𝑖 𝑅2
tanh(𝑎𝑖 𝑅0 )𝑅2
𝑖
𝑖

(44)

Substitution of Eq. (44) into Eq. (43) provides the analytical concentration profile
for a cenospheric char particle with a specified inner and outer radius, with the inner
radius determined by particle total porosity and outer radius using Eq. (12) and Eq. (13).
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Chapter 4. Results and Discussion

4.1 Char Morphology (3-D Averaging)

Radial distributions will be presented for individual particle morphology as well
as morphological parameters averaged over many particles. The particles are first
separated into two classifications based on macro-porosity: Group II char particles have
total macro-porosities larger than 40% and Group III chars have macro-porosities
between 10-40%, which is consistent with Ma and Mitchell’s classification scheme (Ma
& Mitchell, 2009). None of the char particles sampled were classified as Group I as their
macro-porosities were all below 60%. Twenty-two particles were group II and twentyeight were group III, with average macro-porosities of 48.52% and 28.11%, respectively.
Radial distributions are both presented as individual data as well as averaged for each
classification.
The macro-pore and particle volumes are presented versus radius in Fig. 12 and
14, calculated using Eq. (45) with 𝑉𝑗𝑘 being the volume of a specified variable j with
radius, k. Each symbol represents the measurement of surface fraction or volume at the
radius corresponding to the x-axis.
𝑉𝑗𝑘 = 4𝜋𝑟𝑘2 ∗ ∅𝑗𝑘 ∗ ∆𝑟

(45)

Plotting volume instead of surface fraction is advantageous because volume
depends on both the surface fraction as well as the radius at which it is measured. The
plots of surface fraction do not account for the surface area over which it is averaged.
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The particle volume is plotted in Fig. 12 along with the volume of a perfect sphere
to indicate deviations from a particle surface fraction of one. It is observed from Figure
12a that particle volume has a surface fraction of one for radii smaller than 26 µm and on
average has approximately the same volume of a sphere until a radius of 40 µm. The
Group II particles are more spherical than the Group III ones, which is consistent with the
literature (Yu, 2007). This is supported by the Group II particles deviating from the
volume of a perfect sphere at larger radii. It can be observed from the individual data Fig.
12b that some Group III chars still follow similar volume distributions as seen in Fig.
12a. The broader distribution of the Group III chars shows they have more irregularity in
their overall shape. For radii larger than 40µm, the particle volume distribution
significantly deviates from that of a perfect sphere, which demonstrates that the particle
surface fraction is smaller than one. This indicates that surrounding fluid is present, so
microporous solid regions beyond 40 µm from the particle’s center are likely to be
protrusions with enhanced reactant transport due to access to the bulk gas-phase. The
increased exposure of the microporous solid to bulk gases lowers diffusion length scales
within the protrusions increasing local reactant concentrations and thus reaction rates.
This may have been another contributing factor within the CFD study conducted by Fong
(Fong, Jorgensen, & Singer, 2018), where the resolved char particles had a higher
conversion rate than the solid sphere due to higher internal reactant concentration.
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(a)

(b)

Figure 12 - Particle Volume Distribution vs. Radius: (a) Averaged Data Based on Classification (b) Individual Data

Macro-porosity is plotted versus radius along with the corresponding char crosssection that intersect the particle’s microporous solid center of volume, in Fig. 13. The
three char particles displayed are different from those in Fig. 9 and have their macroporosities given in the figure. Macro-porosity is calculated at each radius, k, using Eq.
(46) which is simplified from Eq. (1a) using the “macro-pore” for the j term in Eq. (45).
Macro-porosity can thus be plotted as a one-dimensional radial distribution with Eq. (46).
𝜀𝑀𝑎𝑐𝑟𝑜−𝑃𝑜𝑟𝑒𝑘 =

∅𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒𝑘
(∅𝑚𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑜𝑙𝑖𝑑 +∅𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑒𝑘 )

(46)

𝑘

Since all char particles fall under the Group III category the mean of this group is
included as a solid line in Fig. 13. The mean and individual macro-porosity data points
stop once the particle is completely encapsulated by the sphere’s surface as this causes
the denominator within Eq. (46) to be zero.
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When only considering the char’s cross-section, the location of macro-pores
appears to be randomly dispersed, but when sampling the three-dimensional macro-pore
structure a trend of centrally located macro-porosity is observed for Chars 1 and 3. The
macro-porosity exhibits a peak at 20 µm for Char 2. Non-monotonicity in macro-porosity
versus radius occurs for all three char particles and they roughly follow the trend of the
Group III mean distribution, which decreases monotonically with increasing radius.

Char 1
𝜀𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 0.312

Char 2
𝜀𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 0.251

Char 3
𝜀𝑚𝑎𝑐𝑟𝑜−𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 0.136

Figure 13 – Char particle cross sections and the corresponding macro-pore vs. radius distribution

The mean macro-pore volume and macro-porosity distributions are plotted for
both groups in Figs. 14a and 14b, respectively. In Fig. 14a it can be observed that the
Group II particles have the higher macro-pore volume for all radii, which is expected
since this group by definition has larger total macro-porosity. Despite this difference in
macro-porosity, a similar trend of decreasing macro-porosity with increasing radius is
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observed in Fig. 14b for both groups. The macro-porosity is centrally located for both
groups as shown in Fig. 14b, which means that the microporous solid is preferentially
located at the particles edge. The similar shape of the macro-porosity distribution with
only different magnitudes in Fig. 14b suggests that the radial distribution could be scaled
to a single curve that fits all the sampled Illinois #6 chars. This is tested by normalizing
the macro-porosity and microporous solid surface fractions so that all particles have a
total macro-porosity of 50%. This is done by multiplying the radial surface fractions
distributions of macro-pores and microporous solid by a scaling factor for each particle
so that the volume of each is equal to the other, with volume calculated by the summation
of Eq. (45) over all radii k. This ensures that all particles have equal microporous solid
and macro-pore volumes while the location of the macro-pores and microporous solid
within the particles remains unchanged. Only macro-porosity vs. radius is presented in
Fig. 15, as scaling can create non-realistic macro-pore volumes.

(a)

(b)

Figure 14 - (a) Group averaged macro-pore volume vs. radius (b) Group averaged macro-porosity vs. radius
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Individual particle data for macro-porosity is presented in Fig. 15a and the mean
data for each group is shown in Fig. 15b. Most of the particles follow a similar trend of
monotonically decreasing macro-porosity with the exceptions due to centrally located
microporous solid. Post-scaling, the mean macro-porosity distribution closely matches a
single line, as seen in Fig. 15b. The variation of macro-porosity with radius suggests char
morphology more closely matches a cenosphere instead of a solid with uniformly
dispersed macro-pores. Classifying a broader range of char particles under the single
morphology of “hollow sphere” with variable wall thickness could reduce the complexity
of char combustion models. This suggests that char particles with lower macro-porosities
more closely fit the morphology of a thick walled cenosphere instead of the network solid
classification. The network solid classification by default assumes that macro-porosity
has no clear distribution trend, as the cenosphere morphology covers the trend of
centrally located macro-porosity. The classification of network solid for this reason
covers all particles with macro-pore structures that have no clear distribution trend. This
conclusion only applies to the Illinois #6 chars, at present, as coals of different rank or
formed under other devolatilization conditions may result in different char morphologies.
However, due to the lack of three-dimensional morphology data, it is possible this
observation holds true for other coals.
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(a)

(b)

Figure 15 – Scaled macro-porosity vs. radius (a) Individual char data (b) Group averaged data

4.2 Char Wall Thickness

The measured wall thickness of each particle is plotted in Fig. 16 along with the
theoretical wall thickness calculated using Eq. (13). Fig. 16a plots the average wall
thickness of the three measured cross-sections and Fig. 16b shows the average wall
thickness of each char cross-section. The measured average wall thickness agrees
reasonably well with the theoretical wall thickness for about 80% of the particles.
Considering only those 80% of the particles, the average relative error between
theoretical and experimental is 10%. Wall thicknesses that fall further from the
theoretical line in Fig. 16 likely result from chars having more non-uniform structure.
This shows that the wall thickness of char particles can be reasonably predicted using Eq.
(13) with only macro-porosity and particle size as inputs.
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Figure 16 – Average Microporous Solid Thickness vs. Macro-Porosity (a) Overall Average (b) Cross Sectional
Average

4.3 Accuracy of Macro-Porosity Estimation Methods

The standard stereological technique for estimating macro-porosity, the
area estimation technique Eq. (1b), is used to characterize char morphology, but
its accuracy has not been previously assessed. The accuracy of the area estimation
technique and the cylindrical stacking method, derived in Section 3.6, will be
compared with the true particle macro-porosity calculated from the char particles
in 3-D using Scan IP. Three orthogonal planes that intersect the particle’s
microporous solid’s center of volume were sampled and the three measurements
from the area estimation method as well as the six from the cylindrical stacking
method were averaged to give a single value. The estimated macro-porosity is
plotted against true macro-porosity in Fig. 17, with the solid red line representing
the true (3-D) macro-porosity. The area estimation method overestimates particle
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macro-porosity while the cylindrical stacking method underestimates it for a
majority of particles but is more accurate in estimating the true macro-porosity.
To give a quantitative estimate of the difference in accuracy, true macro-porosity
is subtracted by estimated macro-porosity and then averaged over the 50 particles.
The area estimation method had an average absolute error of (-) 0.105 and the
cylindrical stacking method had an average error of 0.0421. There is little to no
correlation between macro-porosity and measurement error, so the accuracy of
estimation methods appears to be independent of macro-porosity. Improvements
in estimation accuracy arise from using char particle geometry to estimate particle
and macro-pore volume, eliminating the need to estimate the volume ratio with an
area ratio. The area estimation approach neglects data present in measured charcross section by only utilizing bulk area fractions.
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Figure 17 – Plot Displaying the accuracy of each macro-porosity estimation technique with the red line illustrating
exact macro-porosity

The accuracy of the two-dimensional estimation techniques presented is expected
to be somewhat inflated, as the particles used in this study were composed of mostly
thick and thin-walled cenospheres, which makes the symmetric assumption inherent in
both methods more realistic. Also, the imaging planes selected in this study intersected
the particle’s microporous solid center of volume, further improving accuracy of the
symmetric assumption. Cross-sections imaged from chars embedded in epoxy resin are
typically randomly oriented and most likely don’t intersect the particle’s center. The use
of estimation methods is unnecessary when modeling chars using micro-CT, as macroporosity can be exactly determined. If a two-dimensional macro-porosity estimation
technique is implemented, the cylindrical stacking method developed in this thesis is
more accurate and is recommended.
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4.4 Combustions Simulations to Study the Effects of Char Morphology

The char particles used within this study are taken from Table 1 and Fig. 9, as
discussed in Section 3.7. When analyzing the CFD results of the resolved char particles it
is important to examine the reactant concentration profiles throughout the particles. Since
these profiles are a function of three-dimensions they are difficult to visualize, so it is
preferable to present them as one-dimensional radial distributions. The average value for
a simulation variable, j, such as “temperature” or “mole fraction” is determined for a
sphere of radius k using Eq. (47). The average value of a simulation variable, 𝛾𝑗𝑘 , is
determined by summing the specific value of the simulation variable within a cell, 𝛾𝑗𝑖 ,
multiplied by the surface area of the element 𝐴𝑖 , which is then divided by the sphere’s
surface area A.
1

𝛾𝑗𝑘 = 𝐴 ∑𝑛𝑖=1 𝛾𝑗𝑖 |𝐴𝑖 |

(47)

Eq. (47) was used to determine radial distributions for simulation properties,
radial distributions for simulation variables were measured by incrementally increasing
sphere radii by 2.5 µm. This procedure is equivalent to averaging over polar and
azimuthal directions at all radial locations.
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Figure 18 – Average Oxygen Surface Mole Fraction vs. Radius

Using the results of the pore-resolving combustion simulations, the radial
distribution for oxygen mole fraction is plotted in Fig. 18 for all three particles at 100 ms
and 400 ms, which is obtained using Eq. (47), with 𝛾𝑗𝑖 being the oxygen mole fraction
within cell i. Particles 1 and 2 have similar oxygen mole fraction distributions at 100 ms,
but are significantly different at 400 ms, as oxygen mole fractions below radii of 40 µm
significantly increases for Particle 2. Both particles have nearly monotonically increasing
oxygen mole fraction with radius for both times sampled, which is qualitatively
consistent with the behavior of a porous solid sphere. Furthermore, the different pocketed
macro-pore structures exhibited by particles 1 and 2 do not significantly alter the polarand azimuthally-averaged oxygen mole fraction distributions within the particle. Particle
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3 has the highest oxygen mole fraction within the innermost 50 µm and has a nonmonotonic trend of oxygen mole fraction with radius. The higher oxygen mole fraction at
the particle’s center is due to the char’s large central void. This leads to higher oxygen
concentrations at the particle’s center than within the microporous solid wall at various
radii.
In Fig. 18, oxygen mole fraction is averaged considering the mole fractions within
macro-pores, microporous solid, and surrounding fluid. This may inflate the oxygen mole
fractions in char particles with higher macro-porosities due to the inclusion of the oxygen
concentration within macro-pores which will be locally higher. However, reactant
concentration can also be averaged solely over microporous solid regions using Eq. (48).

𝛽𝑗𝑘 =

∑𝑛
𝑖=1 𝛿𝑖𝐼𝐷 𝑗𝛾𝑗 |𝐴𝑖 |
𝑖

∑𝑛
𝑖=1 𝛿𝑖𝐼𝐷 |𝐴𝑖 |

(48)

The term 𝛿𝑖𝐼𝐷𝑗 is zero when a cell is not microporous solid, ensuring oxygen mole
fraction, 𝛾𝑗𝑖 , is only measured within the microporous solid. The denominator is the area
of microporous solid over the sphere’s surface, which ensures that oxygen microporous
solid mole fraction is properly averaged. Eq. (48) is utilized to measure the oxygen mole
fraction solely within the particle’s microporous solid and is presented in Fig. 19. Lines
terminate when there is no microporous solid over a sphere’s surface as it causes Eq. (48)
to be unbounded.
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Figure 19 – Surface Average Oxygen Mole Fraction Within the Microporous Solid vs. Radius

Once again, Particle 3 has the highest oxygen concentration, even within the
microporous char regions, for radii below 50 µm. Access to higher oxygen mole fractions
for the inner wall of microporous solid reduces the diffusion length of reactant species
within the microporous solid, leading to greater oxygen concentration throughout the
particle compared to the lower macro-porosity chars. It is also confirmed that the central
void of Particle 3 acts as an oxygen “source”, because the adjacent region of microporous
solid does not have the lowest oxygen concentration for Particle 3, even though it is
closest to the center. Reactant diffusion outward from the central macro-pore results in
the non-zero oxygen gradient at the particle’s inner wall. The increase in microporous
solid oxygen mole fraction occurs nearly uniformly throughout Particle 3 as time
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increases. The increase in oxygen mole fraction with time for Particles 1 and 2 can be
observed to occur primarily at radii further from the particle’s center as the smaller inner
macro-pores do not greatly increase reactant transport throughout the entire particle.
However, the bumps and plateaus in Fig. 19 for Particles 1 and 2 demonstrate the macropores have a local effect on reactant transport. The locally higher oxygen concentrations
within these macro-pores improves oxygen transport to the surrounding microporous
solid, causing a non-monotonic concentration profile.
Although differences in oxygen mole fraction can be observed, it cannot be
concluded which particle has the highest overall oxygen concentration from Fig. 18 or
Fig. 19, as particle volume is not uniform throughout the 1-D distributions. For this
purpose, effectiveness factors for oxidation must be compared, which are calculated from
Eq. (49).
𝜂=

∭ 𝑅𝑖,𝑟𝑒𝑎𝑙𝑑𝑉
∭ 𝑅𝑖,𝑖𝑑𝑒𝑎𝑙 𝑑𝑉

(49)

An effectiveness factor is the volume integrated reaction rate of the particle
divided by the highest possible particle reaction rate (in the absence of transport
limitations), which is determined using the boundary condition mole fraction as the
uniform concentration throughout the particle. The range of effectiveness factors is thus
between zero and one (if the actual particle temperature distribution is used in the
calculation). Only the effectiveness factor for oxidation is plotted in Fig. 20, as the
gasification reactions occur with effectiveness factors close to unity, which implies that
those reactions are kinetically-controlled at the simulated conditions. Their volume
integrated magnitudes are at minimum 110 times smaller than that of the oxidation
reaction.
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Figure 20 – Oxygen Effectiveness Factor vs. Time

The effectiveness factors are plotted until each particle reaches 50% conversion in
Fig. 20. Conversion is determined by Eq. (34) and shows that the microporous solid
porosity has reached 50% of the maximum porosity. It can be observed that the
effectiveness factor increases as particle number increases which corresponds to increases
in macro-porosity. The roughly 7% increase in macro-porosity between the similar
morphologies of Particles 1 and 2 does not significantly change the particle’s
effectiveness factor, however, the 10% difference in macro-porosity between Particles 2
and 3, corresponding to the qualitatively different morphology, leads to a 50% increase in
effectiveness factor (from 0.2 to 0.3). This demonstrates that both macro-porosity and
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particle morphology influence reactant transport. The microporous solid regions of all
three particles had identical kinetics and initial porosities, so the difference in
effectiveness factor is due solely to the different macro-porosities and morphology of the
chars. The macro-pores increase reactant transport throughout the particle’s volume by
acting as local reactant sources for the adjacent microporous solid. The effects of particle
morphology on the oxidation reaction effectiveness factor appear to be constant with time
as the magnitude of the difference between particle effectiveness factors remains
relatively constant.
The particle’s overall reaction rate does not solely depend on reactant
concentration, but also temperature. The particle’s temperature distributions are plotted in
Fig 21, in which it is observed that temperature increases with macro-porosity for all radii
and at both time periods. Particles 1 and 2 have a slight temperature difference at 100 ms
with the difference between them increasing with time. Particle 3 burns at a significantly
higher temperature than the other two particles for both time periods. The oxidation
reaction dominates and since it is exothermic it releases energy to the surrounding
microporous solid, so higher oxygen concentrations, caused by higher macro-porosity
and the cenosphere morphology of Particle 3, increases the rate of oxidation and thus
temperature.
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Figure 21 – Temperature vs. Radius at Select Times

Average particle conversion rate also increases with macro-porosity in Fig. 22,
which is due to both the higher temperature and oxygen concentration within the
microporous solid. Conversion rate is determined by taking the derivative of Eq. (34)
with respect to time and substituting

𝑑𝜀
𝑑𝑡

into Eq. (35), which results in Eq. (35) multiplied

by (1-𝜀0 ). Conversion rate thus depends on carbon properties and the three heterogeneous
reaction rates. The difference in effectiveness factor and conversion rate is small between
Particle 1 and 2 over a 7% macro-porosity change compared to the differences between
Particle 3. Particle 3 only has 10% higher macro-porosity than Particle 2, but conversion
rate is much higher in Particle 3 due to the central void acting as an oxygen reservoir,
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which further shows that morphology is a contributing factor in aiding reactant transport.
Thus, particle morphology must be considered in order to accurately predict particle
conversion rate as differences in morphology significantly affect a char’s combustion
behavior. This is due to macro-pores facilitating reactant transport throughout the
particle, increasing microporous solid oxygen concentration and temperature.

Figure 22 – Particle Conversion Rate vs. Time

4.5 Comparison of Effectiveness Factor Models with CFD Data

In order to establish the accuracy of the theoretical effectiveness factors,
simulation data of the three char particles from Fig. 9 are used for comparison. The
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oxygen concentration is known for the simulated particles and hollow sphere models
which allows for the determination of the oxygen effectiveness factor using Eq. (49), the
oxygen effectiveness factor for a porous solid sphere is directly calculated using Eq. (2).
The macro-porosity of a particle affects both the hollow sphere and solid sphere models
differently. The solid sphere model uses total porosity instead of microporous solid
porosity to determine the pore diameter, with total porosity calculated using Eq. (36).
Since total porosity is larger, average pore diameter within the microporous solid will
increase causing the rate of Knudsen diffusion to also increase, so the inclusion of both
macro-porosity and microporous solid increases pore diameter and promotes quicker
reactant diffusion. The hollow sphere model only uses the porosity of the microporous
solid to determine the pore diameter, so diffusion characteristics will be initially equal for
all particles regardless of macro-porosity. The microporous solid porosity of both models
changes with time due to the heterogeneous reactions removing mass from the pores
surface, which will alter diffusion characteristics of the particles as conversion increases.
The hollow sphere model differentiates between the microporous solid and macro-pores
by designating the char’s morphology to be a cenosphere with variable wall thickness.
The particle’s macro-porosity will not change the diffusion or kinetics of the microporous
solid, so this will be initially identical for all particles. Instead the macro-porosity of the
char will adjust the morphology of the particle by varying the wall thickness according to
Eq. (13). The increase of macro-porosity will thus lead to a decrease in reactant diffusion
length-scale. The uniform sphere model assumes this diffusion length scale remains
unchanged and equal to the sphere’s radius regardless of macro-porosity.
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Since the porosity of the char particles change throughout the course of the CFD
simulation, the 1-D models need to adjust porosity with time. This is accomplished
through the use of Eq. (50), where the porosity of the next time step is dependent on the
current porosity and change in porosity with time multiplied by the time-step which was
𝑑𝜀

0.5 ms. 𝑑𝑡 is calculated using Eq. (35) and depends on the reaction rate of the particle.
𝑑𝜀

𝜀(𝑡 + 1) = 𝜀 (𝑡) + 𝑑𝑡 ∆𝑡

(50)

For the 1-D models the particle reaction rate is determined by multiplying the
effectiveness factor by the ideal reaction rates which assumes concentration profiles are
constant and equal to the far-field boundary conditions. The gasification reactions were
not included in the 1-D models due to the oxidation reaction being dominant.
Particle temperature and particle surface concentration of oxygen are necessary
inputs for both the hollow sphere and solid sphere models of effectiveness factor, which
were both taken from the CFD simulation data. The temperature is assumed to be the
average of the char particle’s temperature, which is a good assumption because
temperature varies minimally throughout the particle, as observed in Fig. 21. The oxygen
mole fraction used to calculate the oxygen surface concentration is determined by the
average microporous solid mole fraction at a radius of 50 µm, which is the particle’s
effective radius. This value was chosen as it best represents the boundary concentration
for the oxygen mole fraction at the particle’s surface.
The values of effectiveness factor versus time for both the hollow sphere and
spherical model as well as the CFD data are plotted in Fig. 23a with the difference
between the two analytical models plotted in Fig. 23b.
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(a)

(b)

Figure 23 – (a) Oxygen Effectiveness Factor vs. Time for Multiple Particles (b) Relative Difference of the Effectiveness
Factor Analytical Models

Within the legend in Fig. 23a, CFD stands for the simulation effectiveness factor,
which is the benchmark for which to compare the analytical concentration models, as the
simulation resolves actual char particle morphology. HS stands for the hollow sphere
model and US stands for the uniform porosity sphere model derived by Thiele. It is
observed in Fig. 23a that both analytical models follow the trend of the CFD data
reasonably well except with variations in the magnitude of the effectiveness factors. The
hollow sphere effectiveness factor model has lower error than the spherical uniform
porosity model for nearly all times, with late times for Particle 1 being an exception. The
error for Particle 3 is the maximum for both models due to the particle’s inner macropores acting as an oxygen source. Both models assume a no-flux condition at the inner
radii boundary condition, which for Particle 3 was shown to be inaccurate by Fig. 19. The
inner source of oxygen for Particle 3 acts to further reduce the diffusion length scale of
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oxygen leading to the increase in 1-D model error due to the inaccuracy of the no-flux
boundary condition. This error cannot be eliminated unless a fixed concentration of
oxygen is specified at the inner radii. If a correlation between the reactant far-field
boundary condition and inner macro-pore concentration could be developed based on
simulation data, this fixed concentration boundary condition could be implemented
within the hollow sphere model. The difference between the two analytical models also
increases with macro-porosity as shown in Fig. 23b. This demonstrates that the hollow
sphere model is more responsive to increases in macro-porosity, which stem from the
formulation of each model. Increases in macro-porosity in the hollow sphere model do
not affect the initial transport properties of the microporous solid as the pore diameter
remains constant, but instead reduces the char particle’s wall thickness, which lowers the
diffusion length scale for reactant species. This better emulates the true char particle
morphology as microporous solid was shown to be preferentially located at the particle’s
edges in Section 4.1. The uniform porosity spherical model has a constant diffusion
length scale equal to the particle’s radius, so increases in macro-porosity will only change
the diffusion properties within the microporous solid. Although this helps to increase
diffusion rate through the particle, a portion of the mass is still centrally located and
difficult for oxygen to reach due to the fast oxidation reaction. The longer diffusion
length scales make it more difficult for reactants to fully penetrate the particle and lead to
under predictions of particle effectiveness factor when compared with the CFD data. The
hollow sphere model better accounts for a char particle’s morphology by adjusting the
diffusion length scale according to particle macro-porosity and size, which leads to

63

improved accuracy and more responsiveness with changes in macro-porosity when
determining reactant concentrations within the particle.

4.6 Effects of Resolved Char Morphology on Gasification

The gasification simulations were conducted to determine the effects macroscopic
features within char particles have on reactant transport. Results were compared between
a 2-D char particle with uniform porosity and a 3-D pore-resolved char particle, to
determine the extent of which char morphology affects both reactant and energy transport
within the char particles. Temperature and species profiles are important as they
influence total particle reaction rate.
The first comparison metric between the effective continuum 2-D and poreresolving 3-D models was velocity. In order to compare the velocity profiles, a twodimensional plane was sampled from the pore-resolving particle. The bottom of Fig. 24b
shows the top view of the plane to illustrate the location of the velocity magnitudes
within the char particle and the top picture displays their orientation with respect to the
plane.
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Figure 24 – Velocity vector field at 25ms: (a) effective-continuum model, and (b) pore-resolving model, with top view
(bottom) and an orthogonal front view (top)

It can be observed in Fig. 24a that the velocity reaches a maximum value at the
particle’s surface and decreases radially inward due to viscous resistance within the
porous particle. The velocity magnitudes within the pore-resolving char particle has no
clear trend between radius and velocity magnitude, with velocity magnitude maximums
being found at the particle’s surface and internally unlike the 2-D spherical char. The
local velocity maxima within the char particle result due to the enhanced transport across
the particles macro-pores as viscous resistance is greatly reduced within them due to the
significantly larger pore diameters.
Water vapor and carbon dioxide mole fractions are plotted as a one-dimensional
radial distribution by using averaging methods described above. The reactant mole
fractions for the effective continuum model were determined along the particle’s
symmetry line. Microporous solid reactant mole fraction was measured for the poreresolving particle using Eq. (48), this equation does not apply to the 2-D effective
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continuum model as the entire particle is microporous solid due to the uniform porosity.
Average reactant mole fraction and microporous solid mole fractions for water vapor and
carbon-dioxide are presented in Fig. 25a and Fig. 25b respectively.

(a)

(b)

Figure 25 - Radial profiles of reactant mole fraction for the effective-continuum model (2D), the poreresolving model averaged only over the microporous solid regions (3DMPS), and the pore-resolving model
averaged over the resolved voids and the microporous solid regions (3D), for (a) H2O, and (b) CO2.

The reactant concentration within the microporous solid of the pore-resolving
particle is larger than the effective continuum model for radii smaller than 45µm at 25ms.
The higher reactant concentration within the char particles inner microporous solid is due
to enhanced transport from the macro-pores. These act as reactant sources, reducing the
diffusion length scale for reactants thus increasing concentration throughout the particle.
The enhanced transport can be observed through the non-monotonic profile as these
occur due to the locally higher oxygen mole fractions within the macro-pores. The
reactant length scale for the effective continuum model is the particles radius, which
leads to the monotonic concentration profile as only the particle’s surface is exposed to
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the bulk phase fluid. This leads to the model under-predicting reactant concentrations
within the particle. The higher reactant concentrations within the pore-resolving model
occur despite the lower microporous solid porosity, which lowers diffusion rates due to
the smaller pores.

Figure 26 – Particle Temperatures [K] at 25ms, (a) Effective Continuum Model, (b) Pore-Resolving Model

The temperature profile for the effective continuum model can be seen in Fig. 26a
and the surface temperature profile for the pore-resolving model in Fig. 26b. The white
line in Fig. 26 (a) represents the particle boundary. The far-field boundary temperature is
not included within either image, but is equal to 1800 [K]. The heterogeneous
gasification reactions are endothermic, so higher reaction rates result in lower particle
temperatures. However, despite having the higher concentrations of reactants the poreresolving model still has higher surface temperatures than the two-dimensional model.
This is due to the resolved macro-pores and particle features providing a pathway to
enhance thermal energy transport. Both particles are below the boundary condition
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temperature due to energy being consumed at a faster rate than it could be transported
radially inward.
The average rate of char conversion,

𝑑𝑋
𝑑𝑡

, is compared between the pore-resolving

and effective continuum model in Fig. 27. Char conversion is a critical model output as it
determines the species and energy source terms from 1-D particles for gas-phase solvers
of reactor-scale CFD simulations. Fig. 27 shows that the pore-resolving model has an
average conversion rate that is higher than the effective continuum model until 97.5ms,
after which the 3D has the slightly lower rate. The average conversion rate is at
maximum 19.9% higher for the 3D particle than that of the 2D.

Figure 27 – Rate of Char Conversion vs. Time for the Effective-Continuum (2D) and Pore-Resolving (3D) Models

The enhanced reactant transport due to the macro-pores decreasing reactant
diffusion length scales from the locally higher reactant concentrations was the driving
force behind the differences in conversion rates. The inclusion of the larger macro-pores
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within the microporous solid leads to the under-prediction of reactant concentrations
within the particles as their transport effects cannot be realized when lumped into a single
uniform porosity. Morphological effects of larger macro-pores must be incorporated into
1-D analytical models to more accurately predict char particle conversion and thus better
inform reactor-scale simulations in order to improve coal gasifier design.
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Chapter 5. Conclusions/Future Work

5.1 Char Morphology

Resolution of char particle morphology in three-dimensions has allowed for the
formulation of new morphological analyses and the evaluation of two-dimensional
measurement techniques used to determine char characteristics. Measuring macroporosity distribution with radius averaging over polar and azimuthal directions revealed a
trend of centrally located macro-porosity over a broad range of total macro-porosities that
was not previously observed from char cross-sections. Wall thickness was measured for
multiple char cross-sections that all intersected the center of volume of the microporous
solid with measurement lines extending from this point. This improves on the use of char
cross-sections located randomly within a char particle and extending measurement lines
from the center of gravity of the cross section’s microporous solid which is necessitated
by the epoxy-resin imaging approach. Finally, a new macro-porosity estimation method,
the cylindrical stacking method, was derived and compared with the widely used area
estimation method. Since char particles were realized in three-dimensions, true macroporosity was known which allowed for the quantifying of absolute error which was found
to be on average 0.0421 for the cylindrical stacking method and -0.105 for the area
estimation method.
The resolution of macro-pore morphology and solid structure of Illinois #6 coal
char in three-dimensions reveals a more uniform overall structure among char particles
than previously believed, which could exist in other chars with similar devolatilization
behavior but has not been previously observed due to limitations of 2-D stereological
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analyses. These limitations are due to classifying particles based on a single particle
cross-section which is not a good statistical representation of a char’s overall structure,
and using macro-porosity as a classification metric, although it is estimated by a
technique proven to be an inaccurate over-prediction in the best case scenario. The
similar macro-pore structures observed in the char particles sampled occurs across a
broad range of macro-porosities which renders the separation of char particles into
detailed groups potentially unnecessary. Microporous solid thickness was also able to be
reasonably predicted using Eq. (13) with only total macro-porosity and particle size as
input. The similar macro-pore structure along with the determination of microporous
solid thickness using only total particle macro-porosity makes the use of the hollow
sphere model viable.
Concerns about char particles of different rank, chemical composition, or
formation under different devolatilization heating rates not having similar morphological
structures as those observed in the sampled chars are indeed valid and repeatability needs
to be demonstrated. However, the stark difference between three-dimensional and twodimensional analyses revealed in this thesis suggest that modifications to twodimensional analyses are necessary. If clear trends between particle macro-porosity and
wall thickness along with nearly hollow structures can be further proven to exist for chars
formed from different coals and devolatilized at different temperatures and pressures,
input parameters for char modeling can be reduced to particle size, total macro-porosity,
and microporous solid characteristics, which can be measured using mercury
porosimetry. The analysis of char particle morphology was performed manually within
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this study; however, it is feasible that this process be automated (Ushizima, et al., 2011)
to increase efficiency.

5.2 Char Gasification and Combustion Simulation Results

Using micro-CT, a pore-resolving particle was created based on true char
geometry, which was compared with a spherical char particle of uniform initial porosity.
Both particles were simulated under gasifier conditions to determine the effects of
resolved morphology on reactant transport. Despite total porosity, mass, volume, and
surface area being equivalent between the two models, the pore-resolving char particle
had higher reactant concentrations due to enhanced transport from the resolved pores and
thus the faster conversion rate. This demonstrates the importance large features such as
macro-pores have on increasing reactant transport throughout the microporous solid. The
lumping of macro-pores into a uniform porosity results in the loss of these effects as the
increased diffusivity from larger pores does not significantly alter the reactant
concentration profiles, causing an under-prediction of char conversion rates.
Three different particles with varied macro-pore structure, size, and total macroporosity were studied to better understand morphological effects on a char particle
reacting in an oxy-combustion environment. Char morphology effects were isolated by
using particles of equivalent volume, intrinsic kinetics, and microporous solid porosity. It
was found that particles with higher total macro-porosity had higher oxygen
concentrations within the microporous solid and increased temperatures due to oxidation
reactions occurring at a faster rate from the enhanced reactant transport. This led to
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particles with higher macro-porosities undergoing faster conversion. Although total
macro-porosity affected particle conversion, it was shown that morphology had the most
profound effect on conversion rates, as the change in macro-porosity between Particles 1
and 2 was similar to that of Particles 2 and 3, but Particle 3 showed a signification
increase in oxidation effectiveness factor due to its thick walled cenosphere structure.
The hollow sphere model formulated in Section 3.11 showed better agreement
with the CFD data then the solid sphere model given in Section 2.3. The hollow sphere
model was also more responsive to changes in particle macro-porosity as it better
emulated the char’s true morphology.

5.3 Future Work

Fifty char particles were created using Simpleware’s Scan IP but only three were
studied in oxy-combustion conditions. The evolution of char porosity does not
significantly affect the shape of the oxygen concentration profiles in Fig. 18 or Fig. 19,
only the magnitudes. Since these profiles do not alter as time progresses, steady-state
simulation are being conducted to determine concentration profiles comparable to those
of Fig. 18 and Fig. 19. This would allow numerous char particles to be simulated at a
much lower computational cost than that needed for transient simulations. Concentration
profiles could then be compiled for all fifty char particles to provide extensive data on the
effects char morphology has on reactant transport, in a reasonable amount of time. This
will also provide more comparison points for the hollow sphere and solid sphere
effectiveness factor models.
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The hollow sphere and solid sphere models are not fully predictive, as they rely
on oxygen concentrations taken from the CFD data. A theoretical model or correlation
needs to be formulated to determine the relationship between the far-field oxygen
concentration and the microporous solid surface concentration to make these models
more predictive. A simple alternative is to use the far-field oxygen concentration as the
microporous solid surface concentration, but this results in an over-prediction of
effectiveness factor by both 1-D models.
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